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We use HERWIRI1.031, a new Monte Carlo event generator for hadron-hadron
scattering at high energies, to study the phenomenological effects of our approach
of exact amplitude-based resummation in precision QCD calculations. W + jet(s)
events with exact NLO QCD corrections are generated in the MG5 aMC@NLO
framework and showered by both HERWIRI1.031 and HERWIG6.5 with PTRMS = 0
and PTRMS = 2.2 GeV/c, respectively. Here, PTRMS is the rms value of the intrin-
sic Gaussian transverse momentum distribution for the partons inside the proton.
The differential cross sections for many observables are presented such as the jet
rapidities and the jet transverse momenta as well as other event observables such as
the scalar sums of transverse momenta of the jets, the missing transverse energy of
the jets and the dijets’ observables. Finally, we compare our results with the ATLAS
and CMS measurements of the W production cross sections in association with jets.
I. INTRODUCTION
In the precision theory of the Standard Model (SM), since we are dealing with the com-
putation of the higher order Feynman diagrams in which the virtual and real radiative
corrections are involved, the treatment of the ultraviolet (UV), infrared (IR) and collinear
singularities plays a crucial role. The UV singularities appear in the virtual diagrams and are
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removed by renormalization [1–3]. The soft (IR) and collinear singularities appear in theories
with massless particles. The IR singularities are removed at the first order of perturbative ex-
pansion by Bloch-Nordsieck approach [4]. The most general treatment of the IR singularities
was developed by Yennie-Frautschi-Suura (YFS) [5, 6]. The main feature of the YFS ap-
proach is based on the separation of the infrared divergences as multiplicative exponentiated
factors, which are treated exactly to all orders of perturbation theory, and the conversion
of the residual exact perturbation expansion into one which has no infrared divergence and,
hence, no need for an infrared cutoff. The significant advantage of the YFS formalism is that
it is exact to all orders in the QED coupling constant. The YFS formalism was developed
and extended by one of us, B.F.L. Ward, to the non-Abelian gauge theories [7–9]. One can
show that the exact, amplitude-based resummation leads to the IR-improvement of the usual
DGLAP-CS theory [10–13] which results in a new set of kernels, parton distributions and
attendant reduced cross sections, so that the QCD perturbative results for the respective
hadron-hadron or lepton-hadron cross section are unchanged order-by-order in αs at large
squared-momentum transfers. This IR-improved behavior, for example, results in kernels
that are integrable in the IR limit and therefore are more amenable to realization by the
Monte Carlo (MC) method [14–20] to arbitrary precision. The advantage of this IR-improved
method is better control on the accuracy of a given fixed-order calculation throughout the
entire phase space of the respective physical process, especially when the prediction is given
by the MC method. This new approach seems important especially in the era of LHC, in
which we must deal with the requirements of precision QCD, which involves predictions for
QCD processes at the total precision tag of 1% or better.
In this paper, we extend the studies in Refs. [14–20], which were focused on the single
Z/γ∗ production at FNAL and LHC, to the single W production at the LHC, with the
additional change that we look into the properties of jets, produced in association with the
W, in relation to the physics of IR-improved DGLAP-CS kernels. We study whether the
manifestation of the IR-improved kernels as seen in the decay lepton observables in Refs. [14–
20] will also be seen in the distributions of jet observables. We thus focus on the processes
pp→W+njets, n = 1, 2, 3. We use the MG5 aMC@NLO [21] framework into which we have
introduced the Herwiri1.031 [14–20] IR-improved shower to be compared with the standard
unimproved Herwig6.5 [22] shower in that framework. In this way, we realize exact NLO
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matrix element matched parton showers with and without IR-improvement. We compare
with the data from ATLAS and CMS at 7 TeV to make contact with observations.
The paper is organized as follows. In the next section we give a brief review of exact
QED ⊗QCD resummation theory. In Section 3 we describe our event generation, analysis
and cuts. In Section 4 we compare our predictions with the ATLAS 7 TeV data. In Section
5 we compare our predictions with the CMS 7 TeV data. Section 6 contains our concluding
remarks.
II. EXTENSION OF YFS THEORY TO QED ⊗QCD
We start with a prototypical process pp→ W± + n(γ) +m(g) +X → l± + νl± + n′(γ) +
m(g) +X ′, where l = {e, µ}, νl+ = νl, and νl− = ν¯l. The new QED ⊗QCD YFS extension
is obtained by simultaneously resumming the large IR terms in QCD and the IR dominant
terms in QED. One can prove that the exponentiated cross section is given by [23–27]
dσˆexp =
∞∑
n=0
dσ˜n = eSUMIR(QCED)
∞∑
n,m=0
∫ n∏
j1=1
d3kj1
kj1
m∏
j2=1
d3k
′
j2
k
′
j2
×
∫ d4y
(2pi)4 e
iy·((p1+q1−p2−q2−
∑
kj1−
∑
k
′
j2)+DQCED
× ˜¯βn,m(k1, . . . , kn; k′1, . . . , k
′
m)
d3p2
p02
d3q2
q02
,
(1)
with n(γ) hard photons and m(g) hard gluons, where ˜¯βn,m(k1, ..., kn; k
′
1, ..., k
′
m) are the YFS
residuals which are free of all infrared divergences to all orders in αs and α. The infrared
functions are given by
SUMIR(QCED) = 2αsReBnlsQCED + 2αsB˜nlsQCED(Kmax), (2)
2αsB˜QCED(Kmax) =
∫ d3k
k0
S˜nlsQCED(k)θ(Kmax − k), (3)
DQCED =
∫ d3k
k
S˜nlsQCED(k)
[
e−iy·k − θ(Kmax − k)
]
, (4)
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and the functions SUMIR(QCED), DQCED are determined form their QCD analougs
SUMIR(QCD), DQCD via the following substitutions

BnlsQCD → BnlsQCD +BnlsQED ≡ BnlsQCED,
B˜nlsQCD → B˜nlsQCD + B˜nlsQED ≡ B˜nlsQCED,
S˜nlsQCD → S˜nlsQCD + S˜nlsQED ≡ S˜nlsQCED.
(5)
In Eq (5), the superscript nls asserts that the infrared functions BQCD, BQED, B˜QCD, B˜QED
and S˜QCD are DGLAP-CS synthesized. These infrared functions have been introduced in
Ref. [28–31]. The QCD exponentiation of the master formula in Eq (1) leads to a new set
of IR-improved splitting functions listed below

P expqq (z) = CF e
1
2 δqFYFS(γq)
[
1+z2
1−z (1− z)γq − fq(γq)δ(1− z)
]
,
P expGq (z) = CF e
1
2 δqFYFS(γq)1+(1−z)
2
z
zγq ,
P expqG (z) = e
1
2 δqFYFS(γq)12
{
z2(1− z)γG + (1− z)2zγG
}
,
P expGG (z) = 2CGFYFS(γG)e
1
2 δG
{
1− z
z
zγG + z1− z (1− z)
γG
+12
(
(1− z)zγG+1 + z(1− z)γG+1
)
− fG(γG)δ(1− z)
}
,
(6)
where

γq = CF
αs
pi
t = 4CF
β0
, δq =
γq
2 +
αsCF
pi
(
pi2
3 −
1
2
)
,
γG = CG
αs
pi
t = 4CG
β0
, δG =
γG
2 +
αsCG
pi
(
pi2
3 −
1
2
)
,
FY FS(x) =
eCEx
Γ(1 + x) , β0 = 11−
2
3nf = 4β1 , CE = 0.57721566 . . . ,
fq(γq) =
2
γq
− 2
γq + 1
+ 1
γq + 2
,
f¯G(γG) =
nf
CG
1
(1 + γG)(2 + γG)(3 + γG)
+ 2
γG(1 + γG)(2 + γG)
+ 1(1 + γG)(2 + γG)
+ 12(3 + γG)(4 + γG)
+ 1(2 + γG)(3 + γG)(4 + γG)
.
(7)
Finally, for precision LHC theory, the famous factorization theorem [32]
4
σ =
∑
i,j
∫
dx1 dx2Fi(x1)Fj(x2)σˆ(x1x2s), (8)
is written in the following form
σ =
∑
i,j
∫
dx1 dx2F
′
i (x1)F
′
j (x2)σˆ
′(x1x2s) (9)
where the primed quantities are associated with the kernels and cross sections derived
in Eqs (6) and (1) respectively. The implementation of the new IR-improved ker-
nels in the HERWIG6.5 [22] environment leads to a new MC, HERWIRI1.031, as de-
scribed in Ref. [33]. In what follows, we present results using both the original Her-
wig6.5 and the new IR-improved Herwiri1.031. For both MG5 aMC@NLO/HERWIG and
MG5 aMC@NLO/HERWIRI simulations, we use the NNPDF2.3nlo PDF’s [34].
III. EVENT GENERATION, ANALYSIS AND CUTS
The generators for W + jet events are MADGRAPH5 aMC@NLO [21] interfaced with
HERWIG6.521 and HERWIRI1.031, which use with exact next-to-leading-order (NLO) ma-
trix element calculations matched to the respective parton shower. The number of events
generated for the W, W + 1 jet, W + 2 jets, and W + 3 jets processes are 107, 106, 105, and
105, respectively. These events are showered by MADGRAPH5 aMC@NLO/HERWIRI1.0311
(PTRMS = 0) and MADGRAPH5 aMC@NLO/HERWIG6.521 (PTRMS = 2.2 GeV).2 Dur-
ing the analysis, jets were reconstructed using the anti-kt algorithm with FastJet [35] and
the cuts in Tables I and II were imposed for the ATLAS and CMS results, respectively.
The transverse mass, mT , is defined as mT =
√
2P lTP
νl
T (1− cos ∆φ) where ∆φ is the
difference in the azimuthal angle between the direction of the lepton momentum and the
associated neutrino, νl, which can be written as
∆φ = φl − φνl . (10)
1 Note that only the showers are IR-improved in Herwiri1.031 and that, since this affects terms starting at
O(α2sL), exactness at O(αs) is unaffected in MADGRAPH5 aMC@NLO/Herwiri1.031.
2 We will see later that HERWIRI gives either a better fit to the data or an acceptable fit without this extra
intrinsic Gaussian kick.
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Combined channel W → l + νl where l = {e, µ}
Lepton P lT P lT > 25 GeV
Lepton rapidity ηl |ηl| < 2.5
Missing transverse energy EmissT > 25 GeV
Transverse mass mT > 40 GeV
Jet algorithm Anti-kT
Radius parameter R R = 0.4
Jet P jetT P
jet
T > 30 GeV
Jet rapidity Yjet |Yjet| < 4.4
Jet isolation ∆R(l, jet) > 0.5 (jet is removed)
Table. I: Kinematic criteria defining the fiducial phase space for the W → l + νl channel.
Muon channel (W → µ+ νµ)
Lepton P µT P
µ
T > 25 GeV
Lepton rapidity ηµ |ηµ| < 2.1
Missing transverse energy EmissT > 25 GeV
Transverse mass mT > 50 GeV
Jet algorithm Anti-kt
Radius parameter R R = 0.5
Jet P jetT P
jet
T > 30 GeV
Jet pseudorapidity ηjet |ηjet| < 2.4
Jet isolation ∆R(µ, jet) > 0.5 (jet is removed)
Table. II: Kinematic criteria defining the fiducial phase space for the W → µ+ νµ channel
Rapidity is defined as 12 ln
[
E + pz
E − pz
]
, where E denotes the energy of the particle and pz is
the longitudinal component of the momentum. Finally, the jet isolation, ∆R, which is a
Lorentz invariant quantity for massless particles, is defined as
∆R(l, jet) =
√
∆φ2(l, jet) + ∆η2(l, jet), (11)
where 
∆φ(l, jet) = φl − φjet,
∆η(l, jet) = ηl − ηjet,
η = − ln tan
(
θ
2
)
,
(12)
where θ is the angle between the respective particle three-momentum ~P and the positive
direction of the beam axis. The EmissT is calculated as the negative vector sum of the trans-
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verse momenta of calibrated leptons, photons and jets and additional low-energy deposits in
the calorimeter.
IV. RESULTS (ATLAS COLLABORATION)
In this section, the measured W(→ l + νl) + jets fiducial cross sections [36] are shown
and compared to the predictions of MADGRAPH5 aMC@NLO/HERWIRI1.031 and MAD-
GRAPH5 aMC@NLO/HERWIG6.521. Each distribution is combined separately by min-
imizing a χ2 function. The factors applied to the theory predictions are summarized in
Appendix A and Appendix B.
We have used the following notation throughout this paper:
• herwiri ≡ MADGRAPH5 aMC@NLO/HERWIRI1.031 (PTRMS = 0);
• herwig ≡ MADGRAPH5 aMC@NLO/HERWIG6.521 (PTRMS = 2.2 GeV).
A. Transverse Momentum Distributions
The differential cross sections as a function of the leading jet transverse momentum are
shown in Figure. 1 and Figure. 2 for the W + ≥1 jet and W + 1 jet cases, respectively. In
both cases, there is agreement between the data and predictions provided by HERWIRI and
HERWIG in the soft regime.
In Figure. 1, for PT < 140 GeV, HERWIRI predictions are in better agreement with the
data, where
(
χ2
d.o.f
)
HERWIRI
= 0.76 and
(
χ2
d.o.f
)
HERWIG
= 2.04. The
(
χ2
d.o.f
)
functions have been
calculated for the first 9 bins. In Figure. 2, for PT < 120 GeV,
(
χ2
d.o.f
)
HERWIRI
= 1.13 and(
χ2
d.o.f
)
HERWIG
= 0.96. The
(
χ2
d.o.f
)
functions have been calculated for the first 8 bins.
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Figure. 1: Cross section for the production of W + jets as a function of the leading-jet PT in
Njet ≥ 1. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
Figure. 2: Cross section for the production of W + jets as a function of the leading-jet PT in
Njet = 1. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
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Figure. 3: Cross section for the production of W + jets as a function of the leading-jet PT in
Njet ≥ 2. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
Figure. 4: Cross section for the production of W + jets as a function of the second leading-jet PT in
Njet ≥ 2. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
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For the sake of clarification, the ratio plots for Figure. 1 and Figure. 2 are given in
Appendix C. In the ratio plot, each point represents DataTheory (See Figures 41 to 48).
The differential cross sections for the production of W + ≥2 jets as a function of the
leading jet PT and the second leading jet PT are shown in Figure. 3 and Figure. 4, respectively.
HERWIRI and HERWIG generally describe the data well for PT < 200 GeV. In Figure. 3,(
χ2
d.o.f
)
HERWIRI
= 1.19 and
(
χ2
d.o.f
)
HERWIG
= 1.49, while for 200 < PT < 350 GeV it seems that
they both fail to describe the data. For 250 < PT < 550 GeV, HERWIRI predictions overlap
with the data while HERWIG either underestimates or overestimates the data. Finally,
for energies higher than 550 GeV, they both underestimate the data. The behaviors for
PT > 200 GeV are consistent with our theoretical curves’ exact NLO Matrix Element (ME)
matched parton shower precision.
Figure. 4 shows that HERWIRI, in general, gives a better fit to the data for PT < 150 GeV,
where
(
χ2
d.o.f
)
HERWIRI
= 1.06 and
(
χ2
d.o.f
)
HERWIG
= 1.69. For higher PT , in some cases HERWIRI
predictions overlap with the data while HERWIG either underestimates or overestimates
the data. We conclude that HERWIRI gives a better fit to the data in the soft regime as
expected.
Figure. 5: Cross section for the production of W + jets as a function of the leading-jet PT in
Njet ≥ 3. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
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Figure. 6: Cross section for the production of W + jets as a function of the third leading-jet PT in
Njet ≥ 3. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
The differential cross sections for the production of W + ≥3 jets as a function of the
leading jet PT and the third leading jet PT are shown in Figure. 5 and Figure. 6, respectively.
In Figure. 5, for PT < 150 GeV, the predictions provided by HERWIRI and HERWIG are in
complete agreement with the data, where
(
χ2
d.o.f
)
HERWIRI
= 0.27 and
(
χ2
d.o.f
)
HERWIG
= 0.20. For
PT > 150 GeV, HERWIG gives a better fit to the data while HERWIRI underestimates the
data. In Figure. 6, HERWIRI gives a better fit to the data for low PT , PT < 150 GeV, where(
χ2
d.o.f
)
HERWIRI
= 3.27 and
(
χ2
d.o.f
)
HERWIG
= 3.97. For large PT , in almost all cases HERWIRI and
HERWIG predictions either underestimate or overestimate the data.
In general, one could conclude that the predictions provided by HERWIRI give as good
a fit or a better fit to the data for soft PT without the need of an ’ad hoc’ intrinsic Gaussian
rms transverse momentum of 2.2 GeV as needed by HERWIG.
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B. Rapidity Distributions
The differential cross sections for the production of W + ≥1 jet as a function of the
leading jet Yj are shown in Figure. 7. The predictions provided by HERWIRI and HERWIG
are generally in agreement with the data, although in three cases HERWIRI predictions
overlap with the data while the HERWIG predictions either underestimate or overestimate
the data. We clearly conclude that HERWIRI and HERWIG give a very good fit to the data
with
(
χ2
d.o.f
)
HERWIRI
= 0.35 and
(
χ2
d.o.f
)
HERWIG
= 0.70.
The differential cross sections for the production of W + ≥2 jets as a function of the
second leading jet Yj are shown in Figure. 8. The results provided by HERWIRI and HER-
WIG overlap with the data in almost all cases. In two cases, the HERWIRI predictions
overlap with the data and in two cases the HERWIG results overlap with the data while
HERWIRI predictions either underestimate or overestimate the data:
(
χ2
d.o.f
)
HERWIRI
= 1.01
and
(
χ2
d.o.f
)
HERWIG
= 0.63. Here, both theoretical predictions give acceptable fits to the data.
Figure. 7: Cross section for the production of W + jets as a function of the leading-jet Yj in
Njet ≥ 1. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
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Figure. 8: Cross section for the production of W + jets as a function of the second leading-jet Yj in
Njet ≥ 2. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
Figure. 9: Cross section for the production of W + jets as a function of the third leading-jet Yj in
Njet ≥ 3. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
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The differential cross sections for the production of W + ≥ 3 jets as a function of the
third leading jet Yj are shown in Figure. 9. For Yj < 3.6, with the exception of one case in
which only the HERWIG prediction overlaps with the error bars on the data, HERWIRI and
HERWIG predictions are in agreement with the data. For Yj > 3.6, in one case HERWIRI
overlaps with the error bars on the data while HERWIG overestimates the data, and in the
other case HERWIG overlaps with the error bars on the data while HERWIRI underesti-
mates the data:
(
χ2
d.o.f
)
HERWIRI
= 1.05 and
(
χ2
d.o.f
)
HERWIG
= 0.43 so that both predictions give
acceptable fits to the data.
C. Dijet Angular Variables, Invariant Mass, Separation
In this subsection the differential cross sections are shown as functions of the difference
in azimuthal angle (∆φj1,j2), the difference in the rapidity (∆Yj1,j2), the angular separation
(∆Rj1,j2) and the dijet invariant mass (mj1,j2) in comparison to the data. We define the
aforementioned variables as follows
∆Yj1,j2 = |Yj1 − Yj2|, (13)
∆φj1,j2 = |φj1 − φj2 |, (14)
∆Rj1,j2 =
√
(∆φj1,j2)2 + ∆ηj1,j2)2, (15)
Mj1,j2 =
√
(Ej1 + Ej2)2 − (~Pj1 + ~Pj2)2 =
√
m2j1 +m2j2 + 2(Ej1Ej2 − ~Pj1 · ~Pj2). (16)
We note that in Eq (15), ∆ηj1,j2 is the difference in pseudorapidity3 of the first and second
leading jets. The ith jet is defined as
P µith-jet = (Ej1 , ~Pith-jet) (17)
3 The rapidity term in ∆R =
√
∆φ2 + ∆Y 2 is often replaced by pseudorapidity if the involved particles are
massless
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Figure. 10: Cross section for the production of W + jets as a function of the dijet invariant
mass mj1,j2 between the two leading jets in Njet ≥ 2. The data are compared to predictions from
MADGRAPH5 aMC@NLO/HERWIRI1.031 and MADGRAPH5 aMC@NLO/HERWIG6.521.
The differential cross sections for the production of W + ≥2 jets as a function of the
dijet invariant mass between the two leading jets are shown in Figure. 10. The cross sections
are fairly well modeled by HERWIRI for Mj1,j2 < 300 GeV. For Mj1,j2 > 300 GeV there
are cases in which HERWIRI gives a good fit to the data while HERWIG predictions either
underestimate or overestimate the data. In comparison, predictions provided by HERWIRI
describe the data somewhat better than do those provided by HERWIG:
(
χ2
d.o.f
)
HERWIRI
= 1.18
and
(
χ2
d.o.f
)
HERWIG
= 1.69 for Mj1,j2 < 300 GeV .
The differential cross sections for the production of W + ≥2 jets as a function of the dif-
ference in the rapidity between the two leading jets are shown in Figure. 11. For ∆Yj1j2 < 3
the predictions provided by HERWIRI give a better fit to the data. For 3 < ∆Yj1j2 < 4,
HERWIG results provide a better description of the data:
(
χ2
d.o.f
)
HERWIRI
= 2.08 and(
χ2
d.o.f
)
HERWIG
= 4.77, so that overall HERWIRI gives a better fit to the data.
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Figure. 11: Cross section for the production of W + jets as a function of the difference in the
rapidity between the two leading jets in Njet ≥ 2. The data are compared to predictions from
MADGRAPH5 aMC@NLO/HERWIRI1.031 and MADGRAPH5 aMC@NLO/HERWIG6.521.
The differential cross sections for the production of W + ≥2 jets as a function of the
angular separation between the two leading jets are shown in Figure. 12. For ∆Rj1,j2 > 3,
the cross sections are fairly well modeled by the predictions of HERWIRI and HERWIG. For
∆Rj1,j2 < 3, in at least two cases the prediction provided by either of them are outside of
the error bars on the data; in most cases they both give a satisfactory prediction relative to
the data:
(
χ2
d.o.f
)
HERWIRI
= 1.59 and
(
χ2
d.o.f
)
HERWIG
= 0.78.
The differential cross sections for the production of W + ≥2 jets as a function of the
azimuthal angle between the two leading jets are shown in Figure. 13. For ∆φj1,j2 < 0.4,
1 < ∆φj1,j2 < 1.4, and ∆φj1,j2 > 2.2, the predicted cross sections by HERWIRI and HERWIG
are within the error bars on the data:
(
χ2
d.o.f
)
HERWIRI
= 1.46 and
(
χ2
d.o.f
)
HERWIG
= 0.49, so that,
while both predictions give acceptable fits to the data, the HERWIG fit is the better one.
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Figure. 12: Cross section for the production of W + jets as a function of the angular separation
between the two leading jets for Njet ≥ 2. The data are compared to predictions from MAD-
GRAPH5 aMC@NLO/HERWIRI1.031 and MADGRAPH5 aMC@NLO/HERWIG6.521.
Figure. 13: Cross section for the production of W + jets as a function of the difference in the
azimuthal angle between the two leading jets inNjet ≥ 2. The data are compared to predictions from
MADGRAPH5 aMC@NLO/HERWIRI1.031 and MADGRAPH5 aMC@NLO/HERWIG6.521.
17
D. Scalar Sum HT
In this subsection we will study the W + jets cross sections as a function of HT , the
summed scalar PT of all identified objects in the final state. For example, for a prototypical
process
pp→ l + νl + j1 + j2, (18)
we define HT as follows
HT = PT (l) + PT (νl) + PT (j1) + PT (j2), (19)
where l = e, µ.
The differential cross sections as a function of HT are shown in Figure 14, Figure 15,
Figure 16, Figure 17, Figure 18, and Figure 19 respectively. We will study the W + jets
cross sections as a function of HT for low HT . We will see in some cases HERWIRI predictions
are in agreement with the data and in some cases HERWIG predictions give a better fit to
the data. In general, a better agreement is provided for the lower jet multiplicities, e.g.
W + 1 jet and W+ ≥ 1 jet.
The differential cross sections for the production of W + ≥1 jet as a function of the scalar
sum HT are shown in Figure. 14. For HT < 300 GeV, HERWIRI and HERWIG predictions
are in good agreement with data where:
(
χ2
d.o.f
)
HERWIRI
= 0.591 and
(
χ2
d.o.f
)
HERWIG
= 0.96. For
400 < HT < 1400 GeV, the differential cross sections are fairly well modeled by the HERWIG
predictions. (See Appendix C)
The differential cross sections for the production of W + 1 jet as a function of the scalar
sum HT are shown in Figure. 15. For the case HT < 275 GeV, HERWIG predictions
are in better agreement with the data while the predictions provided by HERWIRI either
overestimate or underestimate the data in some cases:
(
χ2
d.o.f
)
HERWIRI
= 3.50 and
(
χ2
d.o.f
)
HERWIG
=
0.76. For 275 < HT < 1000 GeV, the differential cross sections are fairly well modeled by
HERWIG predictions. HERWIRI predictions in almost all cases underestimate the data for
275 < HT < 1000 GeV. (See Appendix C)
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Figure. 14: Cross section for the production of W + jets as a function of the scalar sum HT in
Njet ≥ 1. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
Figure. 15: Cross section for the production of W + jets as a function of the the scalar sum HT in
Njet = 1. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
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The differential cross sections for the production of W + ≥2 jets as a function of the
scalar sum HT are shown in Figure. 16. The predictions provided by HERWIG give a better
fit to the data in HT < 275 GeV, with
(
χ2
d.o.f
)
HERWIRI
= 2.25 and
(
χ2
d.o.f
)
HERWIG
= 1.26. In the
275 < HT < 450 GeV range, HERWIRI gives a better fit to the data; in the 450 < HT <
650 GeV range, HERWIG predictions are in better agreement with the data. For large HT ,
HERWIG predictions are either in agreement with the data or have less discrepancy with
the data than the results provided by HERWIRI, as Figure. 16 reveals.
The differential cross sections for the production of W + 2 jets as a function of the
scalar sum HT are shown in Figure. 17. HERWIRI and HERWIG seem to be unable to
provide a good fit for the data at HT < 190 GeV where they underestimate the data; In the
HT < 250 GeV range, HERWIG predictions are in better agreement with the data, where(
χ2
d.o.f
)
HERWIRI
= 2.36 and
(
χ2
d.o.f
)
HERWIG
= 1.09.
Figure. 16: Cross section for the production of W + jets as a function of the scalar sum HT in
Njet ≥ 2. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
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Figure. 17: Cross section for the production of W + jets as a function of the the scalar sum HT in
Njet = 2. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
At scalar sum values around 170 < HT < 250 GeV, HERWIRI and HERWIG predic-
tions overlap fairly well with the data. In general, we conclude that the discrepancy of the
predictions provided by HERWIRI is less than that of HERWIG.
The differential cross sections for the production of W + ≥3 jets as a function of the
scalar sum HT are shown in Figure. 18. A good fit is provided by the HERWIG predictions
for HT < 275 GeV, where
(
χ2
d.o.f
)
HERWIRI
= 2.71 and
(
χ2
d.o.f
)
HERWIG
= 2.01. The HERWIG and
HERWIRI predictions overlap fairly well with the data for 275 < HT < 400 GeV. For the
higher range 650 < HT < 2000 GeV, the HERWIG predictions are in better agreement with
the data while in most cases HERWIRI either underestimates or overestimates the data.
The differential cross sections for the production of W + 3 jets as a function of the scalar
sum HT are shown in Figure. 19. HERWIG gives a better fit to the data for HT < 250,
with
(
χ2
d.o.f
)
HERWIRI
= 3.73 and
(
χ2
d.o.f
)
HERWIG
= 0.79. In general, the predictions provided by
HERWIG give a better fit to the data.
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Figure. 18: Cross section for the production of W + jets as a function of the scalar sum HT in
Njet ≥ 3. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
Figure. 19: Cross section for the production of W + jets as a function of the the scalar sum HT in
Njet = 3. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
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E. Scalar Sum ST
In this subsection, we study the behavior of W + jets cross sections as a function of the
scalar sum ST , where ST is defined as the summed scalar PT of all the jets in the event:
ST =
Njet∑
i=1
|PT (i)|, (20)
where |PT (i)| is the transverse momentum of the ith jet and Njet is the maximum number of
jets in each event. The differential cross sections as a function of ST are shown in Figure. 20,
Figure. 21, Figure. 22, Figure. 23, and Figure. 24 respectively. We will study the W + jets
cross sections as a function of ST for low ST . We will see in some cases HERWIRI predictions
are in agreement with the data and in some cases HERWIG predictions give a better fit to
the data. In general, a better agreement is provided for the lower jet multiplicities, e.g.
W + 1 jet and W+ ≥ 1 jet.
Figure. 20: Cross section for the production of W + jets as a function of the scalar sum ST in
Njet ≥ 1. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
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Figure. 21: Cross section for the production of W + jets as a function of the scalar sum ST in
Njet ≥ 2. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
Figure. 22: Cross section for the production of W + jets as a function of the the scalar sum ST in
Njet = 2. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
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The differential cross sections for the production of W + ≥1 jet as a function of the scalar
sum ST are shown in Figure. 20. A good fit to the data is provided by HERWIRI at ST <
300 GeV while HERWIG predictions lie below the data in some cases:
(
χ2
d.o.f
)
HERWIRI
= 0.28
and
(
χ2
d.o.f
)
HERWIG
= 1.94. For 300 < ST < 1000 GeV, the HERWIRI predictions are in good
agreement with the data. For higher values of ST , 1000 < ST < 2000 GeV, HERWIRI and
HERWIG predictions underestimate the data.
The differential cross sections for the production of W + ≥2 jets as a function of the scalar
sum ST are shown in Figure. 21. For ST < 200 GeV, the predictions provided by HERWIG
are in better agreement with the data:
(
χ2
d.o.f
)
HERWIRI
= 2.96 and
(
χ2
d.o.f
)
HERWIG
= 1.65. For
medium values of ST , the HERWIG predictions give a fair fit to the data. For large ST
values, in some cases HERWIG gives a better fit to the data.
The differential cross sections for the production of W + 2 jets as a function of the scalar
sum ST are shown in Figure. 22. Good agreement is provided by the predictions of HERWIG
for ST < 200 GeV, where
(
χ2
d.o.f
)
HERWIRI
= 4.39 and
(
χ2
d.o.f
)
HERWIG
= 5.27. HERWIRI in general
gives either a better fit to the data or less discrepancy in comparison with HERWIG.
The differential cross sections for the production of W + ≥3 jets as a function of the
scalar sum ST are shown in Figure. 23. For ST < 200 GeV, the predictions provided by
HERWIG give a better fit to the data where
(
χ2
d.o.f
)
HERWIRI
= 3.80 and
(
χ2
d.o.f
)
HERWIG
= 1.05.
The differential cross sections for the production of W + 3 jets as a function of the scalar
sum ST are shown in Figure. 24. For ST < 200 GeV, the predictions provided by HERWIG
give a better fit to the data, with
(
χ2
d.o.f
)
HERWIRI
= 4.54 and
(
χ2
d.o.f
)
HERWIG
= 1.30.
It is clear in some cases HERWIRI predictions are in agreement with the data and in
some cases HERWIG predictions give a better fit to the data. In general, a better agreement
is provided for the lower jet multiplicities, e.g. W + 1 jet and W+ ≥ 1 jet.
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Figure. 23: Cross section for the production of W + jets as a function of the scalar sum ST in
Njet ≥ 3. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
Figure. 24: Cross section for the production of W + jets as a function of the the scalar sum ST in
Njet = 3. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
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F. Cross Sections
The cross sections for W → l + νl production as functions of the inclusive and exclusive
jet multiplicity are shown in Figure. 25 and Figure. 26. Figure. 25 shows the cross sections
for the production of W + jet as a function of the inclusive jet multiplicity. A good fit is
provided by HERWIRI and HERWIG for Njet ≥ 1, for Njet ≥ 2 and for Njet ≥ 3, where the
HERWIRI prediction is just at edge of the lower error bar on the data. For the exclusive
case in Fig. 26, similar comments apply except that for the Njet = 3 case the HERWIRI
prediction is about 2 σ below the data.
Figure. 25: Cross section for the production of W + jets as a function of the inclusive jet multiplic-
ity. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031 and
MADGRAPH5 aMC@NLO/HERWIG6.521
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Figure. 26: Cross section for the production of W + jets as a function of the exclusive jet mul-
tiplicity. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521
V. RESULTS (CMS COLLABORATION)
In this Section the measured W(→ µ + νµ) + jets fiducial cross sections [37] are shown
and compared to the predictions of MADGRAPH5 aMC@NLO/HERWIRI1.031 and MAD-
GRAPH5 aMC@NLO/HERWIG6.521,which are hereafter oftentimes referred to as HER-
WIRI and HERWIG, respectively. Each distribution is combined separately by minimizing
a χ2 function. The factors applied to the theory predictions are summarized in Appendix B.
A. Transverse Momentum Distributions PT
The differential cross sections in jet PT for inclusive jet multiplicities from 1 to 3 are
shown in Figure. 27, Figure. 28 and Figure. 29, and compared with predictions provided by
HERWIRI and HERWIG.
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Figure. 27: Cross section for the production of W + jets as a function of the leading jet PT for
Njet ≥ 1. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
Figure. 28: Cross section for the production of W + jets as a function of the second leading jet PT for
Njet ≥ 2. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
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Figure. 29: Cross section for the production of W + jets as a function of the third leading jet PT for
Njet ≥ 3. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521.
The differential cross sections as functions of the first three leading jets are shown in
Fig. 27, Fig. 28, and Fig. 29. In Figure 27, for PT < 150 GeV, the predictions provided
by HERWIRI and HERWIG give a very good fit to the data, with
(
χ2
d.o.f
)
HERWIRI
= 0.64 and(
χ2
d.o.f
)
HERWIG
= 0.35.
In Figure. 28, for PT < 110 GeV, a better fit is provided by HERWIG to the data points,
where
(
χ2
d.o.f
)
HERWIRI
= 1.43 and
(
χ2
d.o.f
)
HERWIG
= 0.73. For higher values of PT , the predictions
provided by HERWIRI lie below the data while the HERWIG results either underestimate
or overestimate the data.
In Figure. 29, for PT < 150 GeV, the HERWIG predictions, in general, give a better fit
to the data:
(
χ2
d.o.f
)
HERWIRI
= 2.60 and
(
χ2
d.o.f
)
HERWIG
= 1.59.
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B. The Scalar Sum of Jet Transverse Momenta HT
In this subsection, the differential cross sections are shown as function of HT for inclusive
jet multiplicities 1–3. The scalar sum HT is defined as
HT =
Njet∑
i=1
PT (ji), (21)
for each event.
The differential cross sections as a function of HT for inclusive jet multiplicities 1–3 are
shown in Figure. 30, Figure. 31, and Figure. 32. In Figure. 30, for HT < 300 GeV, the
predictions provided by HERWIRI and HERWIG give a very good fit to the data with(
χ2
d.o.f
)
HERWIRI
= 0.57 and
(
χ2
d.o.f
)
HERWIG
= 0.40. In Figure. 31, for HT < 180 GeV, and 360 <
HT < 540 GeV, HERWIRI gives a better fit to the data while in Figure. 32 the predictions
provided by HERWIRI give a better fit to the data for HT < 250 GeV. In Figure. 31,
for HT < 300 GeV,
(
χ2
d.o.f
)
HERWIRI
= 1.70 and
(
χ2
d.o.f
)
HERWIG
= 1.36. In Figure. 32, for HT <
250 GeV
(
χ2
d.o.f
)
HERWIRI
= 4.02 and
(
χ2
d.o.f
)
HERWIG
= 4.37.
Figure. 30: Cross section for the production of W + jets as a function of HT for Njet ≥ 1. The
data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031 and MAD-
GRAPH5 aMC@NLO/HERWIG6.521.
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Figure. 31: Cross section for the production of W + jets as a function of HT for Njet ≥ 2. The
data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031 and MAD-
GRAPH5 aMC@NLO/HERWIG6.521.
Figure. 32: Cross section for the production of W + jets as a function of HT for Njet ≥ 3. The
data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031 and MAD-
GRAPH5 aMC@NLO/HERWIG6.521.
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C. Pseudorapidity Distributions |η(j)|
In this section, the differential cross sections are shown as functions of pseudorapidities
of the three leading jets. The pseudorapidity, which was defined in Eq. (12), can be written
as
η = 12 ln
 |~P |+ PL
|~P | − PL
 = arctanh(PL|~P |
)
, (22)
where PL where is the component of the momentum along the beam axis.
The problem with rapidity is that it can be hard to measure for highly relativistic particles.
We need the total momentum vector of a particle, especially at high values of the rapidity
where the z component of the momentum is large, and the beam pipe can be in the way of
measuring it precisely.
However, there is a way of defining a quantity that is almost the same thing as the
rapidity which is much easier to measure than y for highly energetic particles. This leads
to the concept of the pseudorapidity η, wherein we see from Eq.(22) that the magnitude of
the momentum cancels out of the ratio in the arguments of the logarithm and the arctanh
in the equation.
Hadron colliders measure physical momenta in terms of transverse momentum, PT , po-
lar angle in the transverse plane, φ, and pseudorapidity. To obtain Cartesian momenta
(Px, Py, Pz), (with the z-axis defined as the beam axis), the following conversions are used:

Px = PT cosφ,
Py = PT sinφ,
Pz = PT sinh η.
(23)
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Figure. 33: Cross section for the production of W + jets as a function of |η(j1)| for Njet ≥
1. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031 and
MADGRAPH5 aMC@NLO/HERWIG6.521.
Figure. 34: Cross section for the production of W + jets as a function of |η(j2)| for Njet ≥
2. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031 and
MADGRAPH5 aMC@NLO/HERWIG6.521.
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Figure. 35: Cross section for the production of W + jets as a function of |η(j1)| for Njet ≥
3. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031 and
MADGRAPH5 aMC@NLO/HERWIG6.521.
In Figure. 33 the cross section is shown as a function of |η(j1)|, the leading jet pseu-
dorapidity. The predictions provided by HERWIRI and HERWIG are in good agreement
with the data, with
(
χ2
d.o.f
)
HERWIRI
= 0.39 and
(
χ2
d.o.f
)
HERWIG
= 0.79. In Figure. 34, in general,
HERWIG gives a better fit to the data, with
(
χ2
d.o.f
)
HERWIRI
= 1.94 and
(
χ2
d.o.f
)
HERWIG
= 1.71.
Figure. 35 shows that HERWIRI and HERWIG predictions are in agreement with the data,
with
(
χ2
d.o.f
)
HERWIRI
= 0.82 and
(
χ2
d.o.f
)
HERWIG
= 0.61.
D. Azimuthal Angular Distribution Between the Muon and the Leading Jet
The differential cross sections are shown as functions of the azimuthal angle between the
muon and the first three leading jets for inclusive jet multiplicities 1–3. The azimuthal angle
between the muon and the leading jet is defined as
cos(∆Φ(µ, j1)) =
Px(µ)Px(j1) + Py(µ)Py(j1)√
P 2x (µ) + P 2y (µ)
√
P 2x (j1) + P 2y (j1)
, (24)
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Figure. 36: Cross section for the production of W + jets as a function of the azimuthal angle between
the muon and the leading jet ∆Φ(µ, j1) for Njet ≥ 1. The data are compared to predictions from
MADGRAPH5 aMC@NLO/HERWIRI1.031 and MADGRAPH5 aMC@NLO/HERWIG6.521.
with  µ
µ = (Eµ, Px(µ), Py(µ), PL(µ)),
jµ1 = (Ej1 , Px(j1), Py(j1), PL(j1)),
(25)
The differential cross sections as functions of the azimuthal angle between the muon and the
first three leading jets are shown in Figure. 36, Figure. 37, and Figure. 38 for inclusive jet
multiplicities 1–3, respectively.
In Figure. 36, the data are better modeled by the predictions provided by HERWIRI
as expected. Figure. 37 shows that the HERWIG predictions give a better fit to the data.
In Figure. 38, the predictions provided by either HERWIRI and HERWIG are in good
agreement with the data. In Figure. 36,
(
χ2
d.o.f
)
HERWIRI
= 1.26 and
(
χ2
d.o.f
)
HERWIG
= 2.67. In
Figure. 37,
(
χ2
d.o.f
)
HERWIRI
= 2.73 and
(
χ2
d.o.f
)
HERWIG
= 1.48. In Figure. 38,
(
χ2
d.o.f
)
HERWIRI
= 0.89
and
(
χ2
d.o.f
)
HERWIG
= 0.61.
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Figure. 37: Cross section for the production of W + jets as a function of the az-
imuthal angle between the muon and the second leading jet ∆Φ(µ, j2) for Njet ≥ 2. The
data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031 and MAD-
GRAPH5 aMC@NLO/HERWIG6.521.
Figure. 38: Cross section for the production of W + jets as a function of the az-
imuthal angle between the muon and the second leading jet ∆Φ(µ, j3) for Njet ≥ 3. The
data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031 and MAD-
GRAPH5 aMC@NLO/HERWIG6.521.
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Figure. 39: Measured cross section versus inclusive jet multiplicity. The data
are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031 and MAD-
GRAPH5 aMC@NLO/HERWIG6.521.
Figure. 40: Measured cross section versus exclusive jet multiplicity. The data
are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031 and MAD-
GRAPH5 aMC@NLO/HERWIG6.521.
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E. Cross Sections
The measured W(→ µ + νµ) + jets fiducial cross sections are shown in Figure. 39 and
Figure. 40 and compared to the predictions of MADGRAPH5 aMC@NLO/
HERWIRI1.031 and MADGRAPH5 aMC@NLO/HERWIG6.521. Figure. 39 shows the dif-
ferential cross sections for the inclusive jet multiplicities 1–3. HERWIRI gives a better fit to
the data. Figure. 40 shows the differential cross sections for the exclusive jet multiplicities
1-3. The cross sections provided by HERWIG give a better fit to the data. In Figure. 39,(
χ2
d.o.f
)
HERWIRI
= 0.46 and
(
χ2
d.o.f
)
HERWIG
= 0.56 while in Figure. 40,
(
χ2
d.o.f
)
HERWIRI
= 1.16 and(
χ2
d.o.f
)
HERWIG
= 0.83.
VI. THEORETICAL PREDICTIONS AND ASSOCIATED ERRORS
Madgraph aMC@NLO is only capable of doing the leading-order (LO) and next-to-leading
order (NLO) calculations. Being that said, the theoretical predictions provided by Mad-
graph aMC@NLO would have theoretical errors around 15%-20%. For the sake of clarifica-
tion, four sample plots are given in Appendix D. In the process of generating these sample
plots, 20% theoretical error has been taken into account. (See Figures 49 to 52)
VII. SUMMARY
The realization of the IR-improved DGLAP-CS theory, when used in the MAD-
GRAPH5 aMC@NLO/HERWIRI1.031 O(α) ME-matched parton shower framework, pro-
vides us with the opportunity to explain, in the soft regime, the differential cross sections
for a W boson produced in association with jets in pp collisions in the recent LHC data from
ATLAS and CMS, without the need of an unexpectedly hard intrinsic Gaussian distribution
with an rms value of PTRMS = 2.2 GeV in parton’s wave function. In our view, this can
be interpreted as providing a rigorous basis for the phenomenological correctness of such
unexpectedly hard distributions insofar as describing these data using the usual unimproved
DGLAP-CS showers is concerned.
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Appendix A: SCALE FACTORS FOR THEORETICAL PREDICTIONS
Figure number αHERWIRI αHERWIG
(
χ2
d.o.f
)
HERWIRI
(
χ2
d.o.f
)
HERWIG
Figure. 1 0.0201 0.02023 0.76 2.04
Figure. 2 0.0155 0.015 1.13 0.96
Figure. 3 0.03113 0.03241 1.19 1.49
Figure. 4 0.03501 0.03221 1.06 1.69
Figure. 5 0.01460 0.01481 0.27 0.20
Figure. 6 0.01562 0.01141 3.27 3.96
Figure. 7 0.03978 0.04038 0.35 0.71
Figure. 8 0.05890 0.06062 1.01 0.63
Figure. 9 0.02850 0.03601 1.05 0.43
Figure. 10 0.01311 0.0128 1.18 1.69
Figure. 11 0.08608 0.08051 2.08 4.77
Figure. 12 0.01311 0.01324 1.59 0.78
Figure. 13 0.01322 0.01328 1.46 0.49
Figure. 14 0.01980 0.01920 0.59 0.96
Figure. 15 0.01521 0.0139 2.50 0.76
Figure. 16 0.03116 0.03012 2.25 1.26
Figure. 17 0.03301 0.03178 2.36 1.09
Figure. 18 0.01476 0.01073 2.71 2.01
Figure. 19 0.01318 0.01231 3.73 0.80
Figure. 20 0.02013 0.02128 0.28 1.94
Figure. 21 0.03170 0.02913 2.96 1.65
Figure. 22 0.03212 0.03091 4.39 5.27
Figure. 23 0.01469 0.01108 3.80 1.05
Figure. 24 0.01350 0.01031 4.54 1.30
Figure. 25 0.5547 0.5309 4.31 0.70
Figure. 26 0.5420 0.5172 7.31 1.08
Table. III: Summary of the scale factors applied to the theoretical predictions for ATLAS at
√
s =
7 TeV. Note that the factor of 2 between the scalings of Figs. 1 and 7 is due to our having simulated
for Y instead of the |Y | in the data.
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Appendix B: SCALE FACTORS FOR CMS AT
√
s = 7 TEV
Figure number αHERWIRI αHERWIG
(
χ2
d.o.f
)
HERWIRI
(
χ2
d.o.f
)
HERWIG
Figure. 27 0.04373 0.04521 0.64 0.35
Figure. 28 0.0615 0.061 1.43 0.73
Figure. 29 0.52852 0.4025 2.60 1.59
Figure. 30 0.04382 0.0451 0.57 0.40
Figure. 31 0.06138 0.0599 1.70 1.36
Figure. 32 0.5261 0.390 4.02 4.37
Figure. 33 0.04635 0.046702 0.39 0.79
Figure. 34 0.06175 0.062021 1.94 1.71
Figure. 35 0.502 0.415 0.82 0.61
Figure. 36 0.0421 0.04411 1.26 2.67
Figure. 37 0.06011 0.05981 2.73 1.48
Figure. 38 0.5212 0.3978 0.89 0.61
Figure. 39 0.6836 0.559 0.46 0.56
Figure. 40 0.6251 0.5551 1.16 0.83
Table. IV: Summary of the scale factors applied to the theoretical predictions for CMS at
√
s =
7 TeV
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Appendix C: RATIO PLOTS
Figure. 41: Ratio plot for the production of W + jets as a function of the leading-jet PT in Njet ≥ 1.
The data are divided by predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031.
Figure. 42: Ratio plot for the production of W + jets as a function of the leading-jet PT in Njet ≥ 1.
The data are divided by predictions from MADGRAPH5 aMC@NLO/HERWIG6.521.
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Figure. 43: Ratio plot for the production of W + jets as a function of the leading-jet PT in Njet = 1.
The data are divided by predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031.
Figure. 44: Ratio plot for the production of W + jets as a function of the leading-jet PT in Njet = 1.
The data are divided by predictions from MADGRAPH5 aMC@NLO/HERWIG6.521.
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Figure. 45: Ratio plot for the production of W + jets as a function of the scalar sum HT in Njet ≥ 1.
The data are divided by predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031.
Figure. 46: Ratio plot for the production of W + jets as a function of the scalar sum HT in Njet ≥ 1.
The data are divided by predictions from MADGRAPH5 aMC@NLO/HERWIG6.521.
44
Figure. 47: Ratio plot for the production of W + jets as a function of the the scalar sum HT in
Njet = 1. The data are divided by predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031.
Figure. 48: Ratio plot for the production of W + jets as a function of the the scalar sum HT in
Njet = 1. The data are divided by predictions from MADGRAPH5 aMC@NLO/HERWIG6.521.
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Appendix D: ERROR PLOTS
Figure. 49: Cross section for the production of W + jets as a function of the leading-jet PT in
Njet ≥ 1. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521. 20% theoretical errors are shown for illustration.
Figure. 50: Cross section for the production of W + jets as a function of the leading-jet Yj in
Njet ≥ 1. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521. 20% theoretical errors are shown for illustration.
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Figure. 51: Cross section for the production of W + jets as a function of the scalar sum HT in
Njet ≥ 1. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521. 20% theoretical errors are shown for illustration.
Figure. 52: Cross section for the production of W + jets as a function of the scalar sum ST in
Njet ≥ 1. The data are compared to predictions from MADGRAPH5 aMC@NLO/HERWIRI1.031
and MADGRAPH5 aMC@NLO/HERWIG6.521. 20% theoretical errors are shown for illustration.
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